The oxidation behavior of Zr 43 Cu 45 Al 12 bulk metallic glass was studied over the temperature range 400-525°C in air atmosphere. The oxidation kinetics of the material changes significantly, from the parabolic one in 400°C to logarithmic kinetics in T = 450°C and higher. The inversion of oxidation kinetics was observed. Composition of the scale varied over the examined temperature range, consisting mostly of monoclinic ZrO 2 , tetragonal ZrO 2 and CuO, with minor amounts of a-Al 2 O 3 within whole temperature range and Cu 2 O in temperatures 400 and 450°C. The a-Al 2 O 3 presence can be correlated with decrease of oxidation rate in the higher temperatures.
Introduction
Since the advent of bulk metallic glasses (BMG), they have been intensively studied due to their unique properties, both mechanical and chemical. As bulk materials they can be used as structural materials, what makes deliberate studies on their behavior in elevated temperatures from the point of view of their future applications. One of the most extensively researched group of BMG are Zr-Cu-based glasses (Ref [1] [2] [3] [4] [5] , which exhibits good glass forming ability (GFA) (Ref [6] [7] [8] and exceptional mechanical properties, such as high yield strength and strain . Oxidation behavior of Zr-based metallic glasses has been examined by several authors . Especially interesting results have been obtained for the Zr-CuAl ternary alloys (Ref [16] [17] [18] in which the inversion of oxidation kinetics is observed, as well as strong dependence of the scale composition on the temperature. Kai et al. (Ref 17, 18) reported a non-intuitive dependence of Al 2 O 3 formation process on the concentration of Al in the alloy. For examined compositions of Zr 47. 5 Cu 47. 5 Al 5 and Zr 50 Cu 43 Al 7 , the presence of a-Al 2 O 3 phase was detected in much wider temperature range for the alloy with lesser Al content. It should also be noted that for the Zr 47. 5 Cu 47.5 Al 5 alloy a tendency toward forming a ZrCu crystalline phase has been observed, while for Zr 50 Cu 43 Al 7 , despite higher content of Zr in respect to Cu, a formation of Cu 10 Zr 7 phase has been reported.
The main goal of this study was to investigate oxidation behavior of an amorphous alloy with relatively high Al content, Zr 43 Cu 45 Al 12 , to expand the knowledge on the oxidation processes in BMGs from Zr-Cu-Al ternary system and especially on the Al role in the process. Most of the studies on the oxidation behavior of Zr-Cu-Al-based amorphous alloys is concentrated on the materials with low Al content (8 at.% or lower), what is probably dictated by the favorable glass forming abilities of these compositions (Ref 3). However, complexity of the mentioned processes suggest, that further studies on the scale formation on Zr-Cu-Al metallic glasses, which would cover alloys with Al content higher than 10 at.% are needed. A higher Al content in this case should promote formation of the Al 2 O 3 protective scale and lead to a different (probably more favorable) oxidation behavior compared to already studied BMGs.
Materials and Methods
The Zr 43 Cu 45 Al 12 BMG was obtained by a twin-roll casting method described elsewhere (Ref 19) . The ejection temperature during procedure was 1360°C and melted alloy was ejected on the CuCoBe wheels under pressure of 150 mbar. As a result, an amorphous material in a form of a 380 lm thick sheet (approximately 2 cm wide, 20 cm long) was obtained. Samples used during oxidation experiments were cut with wire cutter into the 8 mm 9 15 mm plates. Obtained samples were then polished on a Struers TegraPol-11 polishing machine, using standard Struers procedure. Thermal stability of the material was examined by differential-scanning calorimetry (DSC), using NETSZCH Pegasus 404 F1 DSC apparatus equipped with a thorium furnace. Thermal cycle was carried out from 40 up to 1000°C and down, using a 20°C/min heating and cooling rate. A protective flow of Ar, as well as zirconium getter were used to avoid oxidation of the samples. Oxidation tests were carried out using CI Electronics MK2-M5 balance head in air atmosphere. The samples were put into already heated TGA furnace, and hold in the given temperature for 12 h. The furnace was then free-cooled, to avoid problems with thermal stresses and spallation, reported by Kai et al. (Ref 17, 18) . Characterization of the substrate and obtained scale was performed using x-ray diffraction (XRD) and scanning electron microscope (SEM) equipped with the x-ray energy-dispersive spectrometry (EDS).
Results and Discussion

Alloy Characterization
XRD spectra of the as-cast Zr 43 Cu 45 Al 12 shown in Fig. 1(a) , revealed the presence of one wide-broadening peak typical for the amorphous phase. The composition was examined by quantitative ICP (Varian Vista Axial). Dissolution of the alloy was carried out in a HNO 3 /HCl mixture (ratio of 2:3) at 110°C for 3 h. Solutions were then diluted 10 times for the analyses. Obtained average composition in atomic percentages was as follows: 43.21% Zr, 45.30% Cu, and 11.50% Al. DSC curve of the examined alloy is presented in Fig. 1(b (Ref 17, 18 ). It should also be noted, that the value of T g equal to 497°C is also comparatively higher.
Oxidation Kinetics
Oxidation kinetics plots are presented in Fig. 2 At 450°C (just after the onset of T g ) the material exhibits completely different kinetics, what may suggest formation of a new phase, which has a significant influence on mass transport processes. Two stages can be distinguished. The first one, up to 10 min, can be described by the linear law. The second stage follows the logarithmic (Ref 22) :
where Dm is the mass gain and S is the total area of oxidized sample. The determined values of k 1 , k 2 , and k 3 (obtained through optimization performed by conjugate gradient method) are presented in the Table 1 At 500°C (slightly higher than T x ), the material exhibits slightly different oxidation behaviors even though a two-stage kinetic is also observed. The first 5 min can be described by the linear law while the second stage can be fitted with the logarithmic function (although inverse logarithmic law also gives good agreement in this particular case). The total mass gain per unit surface was about 86% of that reported for Zr 50 Cu 43 Al 7 (Ref 18) with the difference being much less pronounced then in the case of 450°C.
At 525°C (after the first peak of crystallization), a linear stage can be observed during the first 5 min and logarithmic stage after this time.
Since the values of constants for logarithmic law are rather difficult to compare with the literature data, additional fittings for non-linear parts of kinetics with usage of parabolic law were performed based on the equation: 
As it can be seen in Fig. 3 , the quality of such fittings is much lower than in the case of logarithmic ones. To show the quantitative difference between them, the normalized root mean square errors (NRMSE) were calculated for both types of fittings. The results together with values of fitted k p are also presented in the Table 1 . The biggest error in terms of the NRMSE for logarithmic fitting is observed for the case of kinetics recorded in 500°C, in which the inverse logarithmic law could also be fitted. It should be noted, that fitted values of parabolic constants due to the logarithmic character of the curves have slightly inflated values. As a result, during comparison with the other alloys both k p and mass gain per unit surface must be taken under consideration. As it can be seen in the (Ref 16) alloys the situation is not as clear, suggesting that Al content exclusively is not the only factor determining oxidation resistance as both these alloys in some of the temperatures showed lower mass gains and k p . The others factors that seem to play a role are proportions between Cu and Zr as well as method of alloy preparation.
The logarithmic character of the kinetic has not been reported for the Cu-Zr-Al-based BMGs (Ref 12, 15-18, 20, 21) . In general, such type of kinetic is considered to occur mostly in low and intermediate temperatures, generally below 300-400°C (Ref 22, 23) . While in the case of parabolic relations, most of the models is based on the Wagner model of diffusioncontrolled kinetics (Ref 24) , the logarithmic relations in oxidation processes can be derived basing on multiple different processes, with most of them being extremely complex, often leading to semi-empirical equations. Mott in his work (Ref 25) derived the logarithmic relations for the case, where the work required to bring an electron from the metal into the oxide is higher than the work required to bring a positive ion from the metal to an interstitial position in the oxide. Basing on this assumption, he concluded that for very thin films (<20 Å ) the electrons will pass through the oxide layer by a quantum mechanical tunnel effect in such rate, that the process will be controlled by the diffusion of metal ions leading to parabolic relation. However for the case of thicker layers (30-40 Å ), the tunnel effect will be limiting factor leading to relation:
where K and x 0 are the constants (with the x 0 being temperature independent) and x is the layer thickness, making Eq 3 essentially the same as Eq 1. After the logarithmic stage, Mott assumed that the rate of growth must be determined by the thermionic emission of electrons followed by their diffusion, leading to a slow parabolic growth. Fromhold in his series of articles (Ref 26-30) discussed in details processes which could lead to the logarithmic kinetics. The main mechanism proposed by him was an electron flow controlled by space charge in oxide film. However, these models were also limited to the thicknesses of up to 1000 Å . Probably the most interesting explanation of logarithmic kinetics for our case, is the one presented by Uhlig (Ref 31) . In his work, he assumed that if oxide and metal have different electron affinities, one of the materials will lose its electrons on the expense of the second one. This process will lead to a creation of space charge, which compensate for the difference in affinities. In the case of the oxides, the excess charge associates itself mainly at the lattice imperfections. Due to their restricted number, the space charge may extend into the oxide film even for several thousands of angstroms. Although the mechanisms differs significantly from the ones presented by Mott and Fromhold, nonetheless the kinetics governing equation also in this case takes a form similar to the one presented in Eq 1: 
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The values of normalized root mean square errors (NRMSE) are given for comparison of the fittings quality (a) For oxidation times higher than 2 h Fig. 3 Results of the fittings for both parabolic and logarithmic oxidation law assumed (Color figure online)
with the values of k 0 and s being temperature-dependent constants. The maximum thicknesses predicted by this model are in order of tens of thousands of Angstroms, making it the closest to the thicknesses recorded during our experiments. Behavior similar to the one proposed by Uhlig had been observed for example during oxidation of copper in temperatures 350-550°C (Ref 32) , where the thickness of the oxide layer after which the logarithmic kinetics transformed to the parabolic one was estimated to be about 10 5 Å . The currently presented results are rather unique in the light of the most common logarithmic oxidation models, as the thicknesses of the scales are in our case higher than 3.5 lm-an order bigger than even in the case of UhligÕs model. Also, the experimental temperatures should be considered rather high for such type of kinetics. It should however be noted, that most of the theoretical models describe only specific, simplified cases and that the complexity of our system unable their straightforward applications. For the moment, the character of the kinetics can only signalize, that the space charge effects may have a significant influence on the oxidation process in this particular system.
Microstructure and Phase Constitution
The oxidized samples were examined with RTG and SEM (with EDS detector) methods. The RTG measurements were conducted using both low-angle GID (information about structure near the top of the scaleÕs surface) and standard Bragg-Brentano geometry (information about the bulk of the scale). After that, a cross-section of each of the samples were prepared, using standard Struers procedure and examined using SEM microscopy method. Each distinguishable layer within the scales was examined by EDS method, which while cannot be treated as a quantitative method, allowed to obtain additional information about trends in composition, which could be later combined with RTG results.
A backscattered-electron image (BEI) of the cross-section of the Zr 43 Cu 45 Al 12 BMG oxidized for 12 h at 400°C is presented in Fig. 4(a) with the corresponding XRD and EDS analysis. As it can be seen, the outer surface of the scale was completely planar, with no cracks visible. The substrate-oxide surface on the other hand, was highly irregular. The two layers in the scale can be clearly distinguished. It should be noted, that thorough whole considered temperature range, the scales exhibited outstanding adhesion to the material. The thickness of the scale was determined to be 11.38 ± 0.5 lm. The XRD analysis revealed presence of tetragonal ZrO 2 (t) with minor additions of monoclinic ZrO 2 (m), CuO, Cu 2 O, and a-Al 2 O 3 in the outer portion of the scale. The Cu 2 O is not visible closer to the oxide-substrate interface. The simultaneous presence of both tetragonal (normally stable in temperature range 1200-1500°C) and monoclinic zirconia is typical for oxidized ZrCu-based metallic glasses. This is due to the very small size of grains, which stabilizes the high temperature stable tetragonal phase (Ref 15, 17, 18) .
A backscattered-electron image (BEI) of the cross-section of the Zr 43 Cu 45 Al 12 BMG oxidized for 12 h in 450°C is presented in Fig. 4(b) with the corresponding XRD and EDS analysis. Again the outer surface of the scale was completely planar, with no cracks visible. The substrate-oxide surface was much more regular than in the previous case. At least two layers in the scale could be distinguished, with strongly marked transitional area between them (marked with number 2 in Fig. 4 ). The thickness of the scale was determined to be 4.01 ± 0.25 lm. Basing on the low-angle XRD analysis, the outer portion of the scale consisted mainly of tetragonal zirconia ZrO 2 (t) with relatively higher contents of ZrO 2 (m), CuO, and Cu 2 O than in the sample oxidized in 400°C. Also, a very weak peak from Al 2 O 3 was observed. The inner portion of the scale had a similar composition, however the presence of CuO was not as strongly marked while multiple additional peaks from ZrO 2 (m) were observed. It should be noted, that presence of Al 2 O 3 correlates with the change of oxidation kinetics character, from parabolic to logarithmic.
Another BEI image of the cross-section of the Zr 43 Cu 45 Al 12 BMG oxidized for 12 h at 500°C is presented in Fig. 4(c) with the corresponding data. Like in the previous cases, the outer surface of the scale was completely planar, with no cracks visible. The substrate-oxide surface had the most planar shape in this case. Three layers within the scale are visible, with metallic sublayer (Zr depleted) formed on the outer surface of the amorphous substrate. The thickness of the scale was determined to be 3.62 ± 0.25 lm. The outer portion of the scale consisted of ZrO 2 (t), with minor addition of CuO and a-Al 2 O 3 . The inner portion consisted mostly of ZrO 2 (t) and ZrO 2 (m), with minor addition of CuO, and a-Al 2 O 3 . Based on the XRD results, the content of a-Al 2 O 3 is higher than in the case of the sample oxidized in 450°C, what can also be correlated with further decrease of oxidation rate.
Short-Term Oxidation
For the most complicated case (oxidation in 500°C), a short-term oxidation tests were carried out to determine the time sequence of phase formation. The samples were oxidized for 5, 20, and 60 min and examined using XRD method (Bragg-Brentano geometry). The results are presented in Fig. 5 . With the results obtained after 12 h given for comparison. It is The early formation of a-Al 2 O 3 indicates, that this oxide plays significant role in the oxidation kinetics of the system thorough whole duration of the process. 
Conclusions
The oxidation behavior of the Zr 43 Cu 45 Al 12 BMG differs significantly from the one reported for Zr 50 Cu 43 Al 7 and Zr 47.5 Cu 47.5 Al 5 but also from the ones reported for other CuZr-Al-based BMGs. The a-Al 2 O 3 oxide is observed through the whole investigated temperature range, what is supported by both XRD and EDS results. As expected, the oxidation kinetics is in general slower than in the case of glasses with lower Al content, what is especially visible for the temperature of 450°C, where the mass gain is four times lower than the one reported for Zr 50 Cu 43 Al 7 . Thus, combined with the fact that the scale exhibits excellent adhesion to the material beneath with no cracks which could be attributed to the thermal stresses being observed, make the Zr 43 Cu 45 Al 12 alloy better suited to work in elevated temperatures. The main difference in terms of oxidation behavior is, however, the logarithmic character of oxidation kinetics, previously not reported for Zr-Cu glasses. While the origins of logarithmic kinetics can vary, basing on the theoretical models it can be assumed, that such character of kinetics in our case may be a result of presence of space charge. This may suggest that the Al 2 O 3, which is most likely responsible for the kinetics inversion, may be forming a thin, continuous layer, altering the parabolic kinetics.
